The immune system comprises specific and nonspecific defences against foreign materials (Table 1) . Specific mechanisms comprise innate and adaptive or acquired components1 2. The innate defence system, always ready for action, includes various cellular elements -natural killer cells and various types of phagocyte (neutrophils, eosinophils, basophils, monocytes and macrophages), together with several important soluble factors: acute phase proteins; complement; lysozymes; and interferons. The adaptive system has the ability to acquire a response to specific antigens. It comprises specific cells (the T and B lymphocytes) and soluble factors (the immunoglobulins).
The overall effect of exercise on the immune system can be examined by charting a subject's response to innoculations or overall susceptibility to infections. Individual elements of the system can be evaluated by making differential blood counts, testing lytic activity, measuring the extent of cell proliferation or of immunoglobulin synthesis in response to cytokines or external mitogens, and assaying cytokines or cytokine receptor densities (Table 2 ).
Susceptibility to infections
Susceptibility to infection can be tested by innoculating subjects with a standard dose of a relatively harmless virus such as that for the common cold, but problems arise from rapid mutations of the virus and thus a loss of immunity. It is also possible to look at antibody production following injection of a sterile toxoid such as tetanus or Merieux Multitest (Merieux, Lyon, France).
Epidemiologists have linked the incidence of specific infections to bouts of heavy training or strenuous competition, but it is important to remember that exercise can modify the risk of infection through mechanisms other than a change of immune function3' 4 . For example, the activity may cause exposure to contaminated air or water, the function of tracheal cilia may be depressed by the oral inspiration of cold or polluted air, or the chances of illness may be altered by a change in the subject's lifestyle3.
Differential blood counts
The white cell population comprises polymorphs (neutrophils, basophils and eosinophils), and mononuclear cells (monocytes, lymphocytes and plasmocytes, the last being progeny of B lymphocytes). Various subpopulations can be identified, using monoclonal antibodies (Table 1) . Total and differential white cell counts give some indication of the functional status of the immune system, but many other factors modify readings during vigorous exer- A partial listing of extraneous influences which may modify peripheral leucocyte counts during vigorous activity includes: (1) a decrease in blood volume; (2) an increase in cardiac output that leads to a demargination of previously sequestered cells; (3) an activation of adrenoreceptors that reduces the attachment of leucocytes to the endothelium for any given level of circulating catecholamines; (4) autonomic nerve activity that leads to a release of catecholamines and cotransmitters; and (5) cortisol secretion that induces a release of granulocytes from bone marrow1'2.
Analysis is complicated because a large fraction of the total leucocyte count is normally outside the circulation. The numbers and location of noncirculating leucocytes can be tracked by the injection of radiolabelled autologous cells. Noncirculating neutrophils are found in the liver, spleen and lungs, whereas the noncirculating lymphocytes are localized mainly in the liver and spleen. Exhausting running increases the circulating count of immature neutrophils 17- Unfortunately, it is also difficult to generalize (Table  3) . Responses seem quite variable from day to day and from one person to another. Factors modifying the reactions of the immune system include the intensity of effort that is undertaken relative to the individual's state of training, the duration of exercise (short-term activity mobilizes sequestrated cells, whereas longer bouts of activity lead to their escape into the tissues), and associated competitive and environmental stresses. The reported results also depend on the methods that are used to assess immune function2.
Leucocytosis and lymphocytosis
Early studies reported simply total white cell or lymphocyte counts. Acute exercise provokes an increase of peripheral venous leucocyte count that is roughly proportional to the intensity and duration of activity. However, if the activity is very prolonged, total leucocyte counts may decrease because monocytes and NK cells are migrating into injured muscle. A delayed leucocytosis may be seen 30 min to 3 h Br J Sp Med 1994; 28 (4) 249 group.bmj.com on April 7, 2017 -Published by http://bjsm.bmj.com/ Downloaded from following strenuous exercise, due to a cortisolstimulated release of white cells from the bone marrow. The late leucocytosis may persist for several hours after a marathon run, but recovery is usually complete within 6 h of more moderate exercise. Much of the late increase in white cell count is due to granulocytes and especially to neutrophils. The response is most marked in subjects with a high physical working capacity. The eosinophil count is decreased, and there is little change in the basophil count. The functional significance of these responses remains unclear, but nonspecific immunity may be enhanced2.
The monocyte count increases substantially during or immediately after exercise, and there is also some increase in the number of lymphocytes at this stage. Some reports have suggested that the response depends on the type of exercise that the subject performs, cycle ergometry giving a larger lymphocytosis than treadmill exercise. Other intertrial differences reflect the timing of blood sampling relative to the bout of exercise. Because of the technical demands of nonautomated cell-counting early investigations used a relatively small number of blood samples, and the recovery of immune function is often complete within 30 min of ceasing exercise1 2.
At least two groups of hormones contribute to these changes in cell counts. In the early stages of exercise, catecholamine secretion stimulates the release of lymphocytes from the endothelia of venules, the process of 'demargination'. Later Interleukins activate macrophages, T cells and natural killer cells, and are a key step in the chain of events leading to production of immunoglobulins by the B cells. The plasma levels of interleukin-1 are increased during and following endurance exercise. IL-2 levels fall immediately following strenuous activity, in part because of reduced secretion rates by peripheral blood mononuclear cells21, and in part because of increased IL-2 receptor activity. However, IL-2 levels are increased 24 h after exercise, apparently as a response of macrophages to muscle damage. Immediately following sustained submaximal exercise, there is a 200% increase in IL-2 P-receptor activity, with a return to normal levels 30 min after exercise; serum IL-2 receptor activity also rises as the cytokine combines with the T-cell receptors21.
Interferons are produced by certain types of activated T cells, and by cells that have become virally infected. They induce viral resistance in uninfected cells. Plasma x-interferon is apparently increased following exhausting exercise, possibly because the products of muscle injury stimulate interferon release .
Status of immune system after endurance training
Cross-sectional comparisons Cross-sectional comparisons between trained and untrained animals, or endurance athletes and sedentary subjects have the advantage that training has been prolonged, and the individuals concerned have had adequate opportunity to adapt to the physical demands of heavy work. When making such cross-sectional comparisons between the immune responses of endurance athletes and sedentary subjects, it is important to distinguish the relative intensity of any exercise that is performed, to allow for the stresses of concurrent competition and heavy travel schedules, and to ensure adequate recovery from recent training sessions.
In the absence of 'overtraining', the resting immune status of athletes is generally normal (Table  4) , although some studies have seen a granulocytosis, a lymphocytosis, an increase in antibody-dependent cytotoxic and NK cell activity, and increases in plasma IL-1 and IL-2 activity. At any given absolute work-rate, the leucocytosis is less in athletes than in sedentary subjects, but if sedentary and athletic groups are both stressed maximally, or at a comparable fraction of maximal effort, the leucocytosis seems comparable in the two groups. There are no essential differences in overall T cell or subset responses to exercise between trained and untrained human subjects. Data on mitogen responsiveness is conflicting" 2. Phagocytic activity may be poorer in athletes while they are actively training. Liesen A number of early animal experiments suggested that moderate exercise enhanced the resistance of animals to experimental tumours. Human studies also suggest that moderate, occupational and/or leisure activity protects against certain types of cancer35. In the case of colonic cancer, the mechanism is probably an alteration of colon transit time, rather than an exercise-induced alteration of immune functionM. There may also be a small alteration of reproductive cancers in active women, but this change seems linked to reduced body fat and lower oestrogen levels, rather 
Summary
The evidence presented in this brief review suggests that whereas a moderate dose of endurance exercise has a beneficial effect upon human immune responses, more intense and more stressful exercise can have a persistent adverse effect. Most of the changes resulting from a single bout of moderate exercise are fairly short-lived, but a prolonged single bout of exercise or training for an event such as a marathon race can cause a more prolonged suppression of NK activity, leaving the athlete with an immediate susceptibility to viral infections, and a potential for adverse changes in other more longterm manifestations of impaired immune function. The likelihood that any given bout of exercise will have an adverse impact on immune function depends on the relative intensity of effort that is demanded. Regular training can shift the threshold for adverse reactions upwards. Nevertheless, given the importance of the immune system to many aspects of health, we need to know much more about the dose of exercise that will optimize human responses and avoid long-term negative consequences.
